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Description 

[0001] The present invention relates to a polyaniline- 
containing solution, to articles coated therewith, and to 
methods tor the preparation of same. 
[0002] More particularly, the present invention relates 
to a method for preparing a processable solution of em- 
eraldine salt (otherwise known as polyamiline) for use 
in the preparation of electrically-conductive and optical- 
ly-transparent coatings, and.to articles such as liquid 
crystal devices and other eiectn>optic devices compris- 
ing transparent electrodes which are made of same. 
[0003] In the area of conducting polymers, insolubility 
(and hence, improcessability) is an ultimate barrier to 
their technological utilization. Insolubility in this class of 
materials has been attributed to the conjugated nature 
of the polymeric chains, as well as to strong inter-chain 
interactions. 

[0004] Polyaniline (PANI), a technologically-oriented 
conducting polymer, is usually synthesized by chemical 
or electrochemical oxidative polymerization In the pres- 
ence of protonic acids of small molecular size, such as 
HCI and H 2 S0 4 . It was found that the use of protonic 
acids of larger molecular size, such as toluene-p-sul- 
phonic acid, sulphanilic acid, or polymeric electrolyte- 
polystyrene sulphonic acid, resulted in the production of 
PANls that were soluble in common (though polar) or- 
ganic solvents such as DMF and DMSO [S. Li, et aL, 
Svnth. Met. , Vol. 20, p. 141 (1987)]. Another group pro- 
duced highly-conductive PANI coatings and films by ex- 
tending this approach to more efficient functionalized 
protonic acid-solvent systems, such ascamphorsulfonic 
acid m-cresol or dodecylbenzenesulfonic acid xylene [Y. 
Cao, et al., Svnth. Met. , Vol. 48, p.. 91 (1992)]. Solubili- 
zation in such systems has been considered to stem 
from the surfactant effect of bulky counter-anions, and 
the high conduction levels were explained as due to im- 
proved intra- and inter-chain conformations of the poly- 
mer network - favorable for an enhanced charge de-lo- 
calization [A.G. MacDiammd, et al- Bull. Am. Phvs. So- 
cL, Vol. 38, p. 331 (1993)]. 

[0005} In current liquid crystal devices (LCDs), most 
of the building materials as well as fabrication processes 
are common to all types of such devices. Transparent 
electrodes, for example, are made mostly of on-glass 
coated indium-tin-oxide (ITO) layers that have some se- 
rious limitations. 

[0006] Transparent electrodes in electro-optic devic- 
es are usually made of glass-coated ITO. The latter has 
several crucial shortcomings. Its application requires a 
relatively cumbersome and costly technology, such as 
vacuum deposition. Also, large area, uniform coatings 
cannot easily be achieved, and the product is brittle and 
cannot be applied as a free-standing film. 
[0007] On the other hand, the combination of electri- 
cal conductivity and optical transparency makes con- 
ductive polymers natural candidates for applications in 
the electro-optic industry, as discussed, e.g., by Y. Cao, 



et al. in "Conjugated Polymeric Materials: Opportunities 
in Electronics, Optoelectronics and Molecular Electron- 
ics," NATO Advanced Study Institute, Series E: Applied 
Sciences , J.L Bredas and R.R. Chance, Eds., Vol. 82, 
5 Kluwer Academic, Holland (1 990). 

[0008] Conductive polymers are advantageous over 
ITO, being mechanically robust, flexible, and easily pat- 
ternable. They can be applied by a relatively low-cost 
technology, such as spin-coating, which is usually car- 
lo ried out at room temperature, can yield uniform and co- 
herent large area coatings, and are also amenable to 
large-scale production. 

[0009] To be also suitable for technological applica- 
tions, conductive polymers must turn processable, i.e., • 

is soluble, in common solvents. To date, polyaniline (PANI) 
is considered the most technologically oriented conduc- 
tive polymer. On the other hand, in this polymer, as in. 
other conjugated polymers, insolubility (and hence, in- 
processability) makes an ultimate barrier to its techno- 

20 logical utilization. This property is attributed to the con- 
jugated nature of the polymeric chains, as well as to 
strong inter-chain interactions. 
[0010] PANI has already been reported to be applied 
as transparent anodes in flexible light-emitting diodes 

25 (LEDs) [see, e.g., G. Gustafsson, et al., Nature , Vol. 
357, p. 477(1992)]. 

[0011] The above descriptions, however, neither 
teach nor suggest a special advantage of using said pol- 
ymer for LCDs, whose advantage will now be described; 
30 nor do they teach the use of other materials for this pur- 
posed 

[0012] As stated above, in current LCDs, the trans- 
parent electrodes are made of ITO-coated glass plates. 
These must further be top coated with a special poty- 

3$ meric alignment layer (usually a polyimide) for inducing 
unidirectionality in the liquid crystal phase. Apart of the 
aforementioned disadvantages involving the use of ITO 
in LCDs and in other electro-optic devices, the additional 
need for a special alignment coating makes cell fabrica- 

40 tion all the more complex and also reduces the field in- 
duction ability of the conductive layer. 
[0013] It is an object of the present invention to pro- 
vide a simple and reproducible method for rendering 
processable proton-doped polyaniline (or emeraldine 

45 salt). 

[001 4] It is a further object of the present invention to 
provide a solution of emeraldine salt which can be used 
in the production of electrically-conductive and optically- 
transparent coatings having very highly smoothed sur- 
50 faces and stability. 

. [001 5] Additionally, it is an object of the present inven- 
tion to provide articles, and particularly electronic com- 
ponents, coated with polyaniline prepared according to 
the invention. 

55 [0016] According to one aspect of the present inven- 
tion, there is provided a method of preparing a process- 
able solution of emeraldine salt for use in the prepara- 
tion of an electrically-conductive and optical ly-transpar- 
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ent coating, the method comprising oxidatively polym- 
erizing aniline in the presence of a protonic acid to yield 
a solid emeraldine salt, and dissolving the solid emeral- 
dine salt in the same protonic acid, wherein said protonic 
acid serves both as a dopant and as a solvent for the s 
emeraldine salt. 

[0017] The protonic acid is pyruvic acid. 
[001 8] According to another aspect of the present in- 
vention, there is provided a solution comprising emeral- 
dine salt prepared according to the method of the inven- 10 
tion, for us© in the preparation of an electrically-conduc- 
tive and optically-transparent coatings., 
[001 9] According to yet another aspect of the present 
invention, there is provided an article coated with an 
electrically-conductive and optically-transparent thin is 
coating formed from a solution prepared by the method 
of the invention. 

[0020] In this patent specification, conductive forms 
of polyaniline will be referred to as "emeraldine salt." A 
compound is "processable" if it is capable of being com- 20 
pletely solubilized while retaining its useful properties, 
and thus its technological potential. 
[0021] The underlying principle of the invention lies in 
the, use of a protonic acid that is capable of simultane- 
ously functioning as a solvent. Surprisingly and unex- 2s 
pectedly, the use of pyruvic acid as the protonating 
agent gave unusually good results. It has been assumed 
that a certain degree of solubilization of the PANI -pyru- 
vate complex salt in pyruvic acid must occur, owing prin- 
cipally to structure similarity between the counter-anion 
and the solvent. Hydrogen-bond interactions could also 
play a role in solubilizing the PANI-pyruvate complex. 
However, the total solubility of the PAN! complex in pyru- 
vate was unexpected. 

[0022]> Without intending to limit the invention in any 
way, it is thought that the excellent solubility of the em- 
eraldine.hydropyruvate complex salt in pyruvic acid orig- 
inates in a structural memory effect. In addition to this 
effect, structural affinity and hydrogen bonding are be- 
lieved to further assist solubilization. 
[0<)23] * Structural memory effects in conducting poly- 
men? have previously been reported in the literature. For 
example, electrochemical counter-anion exchange ex- 
periments have revealed that the conductivity of parent 
polypyrrole films is preserved, regardless of the nature 
of the. counter-anion [M. Yamaura, et al., Synth. Met 
Vol. 48, p, 337 (1 992); M. Yamaura, et al., Synth. Met I 
Vol. 39, p. 43 (1 990)]. Structural analysis of the polypyr- 
role has suggested that the conductivity probably re- 
flects not only the type of counter-anion, but also the so 
structure of .the polymer-chain network. The results of 
the above-mentioned experiments have indicated that 
a memory effect might also play a role in enhancing sol- 
ubilization. On the other hand, it is worth mentioning that 
memory effect related to the enhanced solubilization of ss 
a chemically^synthesized conductive polyaniline has 
not been reportedin the literature. Hence, none of the 
above speculations can limit the invention in anyway. 



[0024] The coatings obtained by the processing of 
PANI in accordance with the invention have the follow- 
ing characteristics: 

a) Bulk conductivity of 0.5-20 Or^crxv\ 

b) Transparency window between 470 nm and 680 
nm. Coatings 1 00 nm thick have a transmittance of 
97% between these two limits, and a transmittance 

• of 75% between 380 nm and 470 nm.; 

c) Adhesive to inorganic materials, e.g. glass slides, 
as well as to various polymer substrates; 

d) Stable under ambient conditions; 

e) Simple and straightforward synthesis; 

f) Can be produced in any desired quantity from rel- 
atively cheap starting materials; 

g) Application (spin-coating) is simple, flexible, fast, 
and is carried out at room temperature; 

h) Coatings are obtainable that are homogeneous, 
uniform, clear, and are endowed with very highly- 
smoothed surfaces. 



30 



40 



45 



[0025] The smooth surface, transparent, conductive 
coatings produced from solutions prepared according to 
the method of the present invention have many techno-* 
logical applications. Possible uses include conducting 
top-coatings for electrostatic charge dissipation (ESD) 
and for controlling electromagnetic interference (EMI) 
[A. G. MacDiarmid, Synth. Met. . Vol. 21, p. 79 (1987)]. 
Apart from being defect-free; homogeneous arid uni- 
form, the conductive coatings obtained thrdugh the 
method of the present invention are transparent to visi- 
ble light and have glossy surfaces. Due to their high sur- 
face and optical quality, these coatings can be used as 
optically transparent electrodes in various electrooptical 
devices, such as liquid crystal devices (LCDs) and light- 
emitting diodes (LEDs). Micro-lithography could also be 
benefitted. A particular problem for multilayer resist sys- 
tems is charging in e-beam lithography. A build-up of 
electrical charge deflects the e-beam, causing pattern 
displacements; For the purpose of electrical discharging 
in such systems, conductive inter-layers were intro- 
duced, made of ITO or. ammonium poly(p-styrenesul- 
fonate) [Y. Todokoro, et al., J. Vac. Sci. Technol. B . Vol 
6, No. 1, p. 357 (1988)]. JTO pan be applied only by an 
expensive vacuum deposition technology. Furthermore, 
it can be a potential source of contamination. The latter 
compound was found to exhibit quite low conduction lev- 
els (ca. 10-4 n-W) at the limit of discharging effec- 
tiveness [M. Angelopoulos, et al., J. Vac. Sci. Technol 
B, Vol, 7, No. 6, p. 1519 (1989)]. On the other hand, 
PANI coatings, endowed with conductivities as high as 
5 a 1 cnrr 1 , gave good results in obtaining zero pattern 
displacements [M. Angelopoulos, et al., jbid. (1989); M. 
Angelopoulos, et al„ Polym. Eng. Sci. . Vol 3? p 1535 
(1992)]. 

[0026] Unfortunately, the conventional preparation 
method of coated PANI (casting N-methylpyrrolidinone 
solutions of emeraldine base, followed by in-situ proto- 
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nation with HCl solution) is cumbersome and is known 
to yield non-shiny and semi-transparent coatings, indi- 
eating surface roughness [M. Angelopoulos, et al. ( 
Svnth. Met. , Vol. 21, p. 21 (1987); M. Angelopoulos, et 
a | Mol Cryst. Liq. Cryst., Vol. 160, p. 151 (1988). 
[0027] In contrast to the aforementioned methods, the 
invention described herein provides coatings of high 
surface and optical quality, resulting from spin-coating 
of emeraldine salt solutions of pyruvic acid. The coat- 
ings of the presenf invention are therefore especially 
suited for applications where conductive coatings or 
transparent electrodes of. uniform, smooth, defect-free 
surfaces and high optical clarity are required. 
[0028] I n addition to glass substrates, the conductive 
polymer of the present invention was found to adhere to 
polymer substrates, such as poly(methyl methacrylate), . 
poly(ethyleneterephthalate), cellulose triacetate, cellu- 
lose acetate, poly(tetrafluoroethylene-co-perfluoro- 
[2-fluorosulfonylethoxy]-propylvinyl ether), Nation* po- 
lyvinyl alcohol) and polyvinyl acetate). 
[0029] It has been found that the conductive-transpar- 
ent coatings of the present invention exhibit especially 
strong adherence to the surfaces of certain substrate 
polymers, for example, poly(methyl methacrylate), poly 
(vinyl acetate), and Nation* In the first two cases, the 
strong adhesion is attributed to the co-dissolution of the 
conductive polymer and of the corresponding substrate 
polymers in the same solvent (pyruvic acid) and the for- 
mation of polyblend interfaces which act as binders. In 
the third example, the strong adhesiveness is probably 
due to strong chemical interactions between Nafion R, s 
functional groups and the conductive polymer complex 

sa,t ' . , u 

[0030] It has additionally been found that in the above 

three examples, the conductive polymer layers cannot 
be removed from the substrate polymer surfaces, nei- 
ther through mechanical rubbing nor through washing 
. the coated surfaces with water. The coated surfaces 
have even exhibited hydrophobic properties, for exam- 
ple, when the coated substrates have been put in con- 
tact with water. These findings have been completely 
unexpected owing to the known instability of emeraldine 
salt in water and the ease with which water can remove 
it from glass surfaces. 

[0031] The capability of the conductive polymer of the 
present invention to adhere strongly to certain polymer 
substrates meets technological requirements such as 
those wherein conductive or conductive and transparent 
coatings are required which are also abrasion resistive 
and/or water resistive, for example, for electrical anti- 
charging top coatings, which are exposed to harsh out- 
door.conditions. 

[0032] The conductive-transparent polymer of the 
present invention can be blended with some host poly- 
mers to give polyblends of different polymer ratios. Host 
polymers are those which co-dissolve in pyruvic acid 
along with the conductive transparent polymer of the 
present invention. The following are examples of host 



polymers capable of forming polyblends with the con- 
ductive polymer of the present invention: poly(methyl 
methacrylate); cellulose tri-acetate; cellulose acetate; 
polyvinyl alcohol); polyvinyl acetate); nylon 6,6. 
5 [0033] The ability to form polyblends composed of a 
conductive component (guest) and of a non-conductive 
component (host) is of technological importance, since 
it allows the fabrication of conductive layers/matrices 
endowed with the combined mechanical and physical 
10 properties of both the host component and the conduc- 
tive (guest) component. Also, because polyblends of 
various conductive polymer/host polymer ratios can be 
made, it is possible to precisely tailor the product's phys- 
ical and mechanical properties to fulfill specific techno- 
is logical requirements. 

[0034] The following is a list of additional potential 
technological applications for coatings obtained accord- 
ing to the method of the present invention: 



20 a) Conductive coatings for electrolytic and electro- 
less metallization processes [M. , Angelopoulos, 
ibid., (1992)]; . 

b) Charge eliminating layers for SEM and x-ray 
analyses [M. Angelopoulos, ibid. , (1 992)]; 
25 c) Active anti-corrosion coatings [R C. Jain, et al., 
Corrosion , Vol. 42, p. 700 (1986); K.G. Thompson, 
et al., "Corrosion-Protective Coatings from Electri- 
cally Conducting Polymers ," Technology 2001 , San 
Jose, California, U.S.A. (1991); B. Wessling, AgV 
30 Mater., Vol 6, No: 3, p. 226(1994)]; 

d) Materials for non-linear optical devices; 

e) IR and microwave absorbing shields; 

f) Rechargeable batteries [A.G. MacDiarmid, et al., 
Svnth. Met. , Vol. 1 8, p. 393 (1 984)],. 

35 

[0035] Thus, according to the present invention, there 
is now provided a solution comprising a proton-doped 
polyaniline in combination with a pyruvic acid, which is 
a solvent thereof. 
40 [0036] The invention especially provides said solution 
whenever used in the preparation of an electrically con- 
ductive and optically-transparent coating. 
[0037] In preferred embodiments of the present in- 
vention, said solution further comprises a non-conduc- 
tive polymer selected from the group consisting of poly 
(methyl methacrylate), cellulose tri-acetate, cellulose 
acetate, polyvinyl alcohol), polyvinyl acetate) and ny- 
lon 6,6. 

[0038] . In another preferred aspect of the present in- 
vention, there is provided an article coated with an op- 
tically-transparent, electrically-conductive layer, formed 
from a solution comprising a proton-doped polyaniline 
in combination with a protonic acid, which is a solvent 
thereof. 

55 [0039] In preferred embodiments of the present in- 
vention, said layer has an electrical conductivity of from 
about 0.1 a 1 /cm to 20Q* 1 /cm. 

[0040] In especially preferred embodiments of the 



45 



SO 



4 



7 



EP 0 690 457 B1~ 



, present invention, said article comprises a substrate 
coated with said layer, which article is water stable and 
hydrophobic, and whereinsaid substrate comprises a 
.. polymer selected from the group consisting of poly(me- 
thyl methacrylate), poly(ethyleneterephthalate), cellu- 
. lose tri-acetate, cellulose acetate, po|y(tetrafluoroethyl- 
ene-co-perfluoro [2-fluorosulfonylethoxy]-propylvinyl 
. ether), Nation* polyvinyl alcohol), polyvinyl acetate), 
and nylon 6,6. 

, [0041] In the most preferred embodiments of . the 
present invention, said articles are characterized by a 

kl polyblended interface formed between said layer and 
said substrate, which functions as a binding layer. ' 
[0042] Preferably, said substrate comprises poly(me- 

; thyl methacrylate). , 
[0043] The aforementioned, newly-devised process- 
us procedure for PANI, made possible the fabrication 
of on-glass coatings' that, following buffing of the poly- 
mer surface, turned out to effectively induce uriidirec- 
tionality in various nenriktic. liquid crystals. Hence, the 
newly^Jevised polymeric coatings appear to play a bi- : 
functional role in LCDs, i.e., as conductive-transparent 
electrodes that simultaneously also impart alignment to 

: the liquid crystal phase. . Thus, the advantage of using 
PANI-coated transparent ' substrates as transparent 
electrodes in LCDs is twofold: (a) special aligning and 
smoothing layers are unnecessary, and (b) a fast, low- 
cost and flexible process for transparent electrode fab- . 
rication is provided. - 

[0044] The present* invention also suggests that, ow- 
ing to the non-presence of special alignment (insulating) 
layers in LCDs based on conductive polymer elec- 
trodes, the latter, through making a direct contact with . 
the liquidcrystal phase, may induce the same field effect 
in .the latter as does. ITO, even if being endowed with 
higher surface resistivity. 

[0045] The present invention deals with the applica- 
tion of a conductive polymer in liquid crystal cells con- 
taining various types of electro-optic active materials 
(the liquid crystal phase) which may be either nematic, 
cholesteric, ferroelectric, twisted nematic, or super 
twisted nematic. 

[0046] A central aspect of the present invention is the 
application of a solution processed polyaniline in its con- 
ductive (proton doped) state, that is prepared according 
to the presently-claimed process to be used simultane- 
ously as transparent electrodes and as alignment and 
smoothing layers in various LCDs. There is thus no need 
for a special layer that induces alignment in the liquid 
crystal phase. 

[0047] Thus, the present invention provides an orien- 
tation-inducing transparent electrode in a liquid crystal 
device (LCD), comprising a solution processable, elec- 
trically-conductive, optically transparent layer of a pro- 
ton-doped polyaniline. 
[0048] As stated above, it has now been found that 
the buffed conductive polymers according to the present 
invention, in their unsubstituted or substituted states, as 



an on-glass layer or a layer coated on non-conductive 
various polymer substrates, simultaneously fulfill the 
roles of transparent electrodes, aligning inducing layers, 
and surface smoothing layers. The buffed conductive 
s polymer coating can also be applied merely as an align- 
ing inducing and surface smoothing- layer which is top 
coated on a conductive layer made of a different elec- 
. , trically conductive and optically transparent material, 
suchaslTO; 

JO [0049] The conductive layer is preferably applied 
. through a spin-coating procedure, although other 
* modes of application could be considered, suqh as dip- 
coating, doctor-blade coating, or spraying: 
[Q050] The transparent electrodes of the present in- 
lf vention, which are based on a conductive polymer, are 
. applicable, in principle, in LCDs with different cell ge- 
ometries or .different structures, such as" single-picture 
element displays or mum-picture element displays. 
p051] The present invention also suggests that, ow- 
& ing to the non-presence of a special alignment layer, 
usually made of an insulative material [polyimide poly 
(vinyl alcohol)], in LCDs based on conductive polymer 
electrodes,' electrodes endowed with higher surface re- 
v . sistivities than those exhibited by ITO can induce the 
2S same field effect in the liquid crystal phase! as does the 
latter. Thus, only moderate conduction levels of the 
coatings, which are achievable in conductive polymers, 
will suffice for a proper functioning of LCDs based on 
conductive polymer electrodes. 
30 [0052] Another advantage of using a conductive pol- 
ymer as an orientation inducing transparent electrode 
in LCDs is that it reduces, or even eliminates, electro- 
static problems due to the. rubbing process or due to ion 
contamination; An. improvement of orientation unif Orni- 
sh ity of the liquid crystal phase is thus expected, yielding 
better functioning of the cells (higher contrast, for exam- 
Ple). 

[0053]. Another aspect of the present invention relates 
to combining the physical and mechanical properties of 
40 indium-tin-oxide (ITO) and those of the conductive- - 
transparent polymer of the present invention. For exam- 
ple, an ITO layer endowed with low surface resistivity, 
which is top-coated with the conductive polymer layer 
of the present invention,, would afford a desirable com- 
45 bination of a transparent electrode having a low surface 
electrical resistivity, high surface srrioothness, and also, 
following buffing of the conductive porymer top layer, the 
ability to induce alignment to the liquid crystal phase in 
liquid crystal devices. Such a layer combination of ITO 
so and the conductive-transparent polymer of the present 
invention has two additional aspects: 



1) Unlike insulating alignment layers (PVA, polyim- 
ides), the alignment-inducing conductive polymer 
layer, which is in direct contact with the liquid crystal 
phase, will also prevent surface electrical charging 
which may occur due to the buffing procedure, or 
due to ion contamination. This would result in an 
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improved alignment uniformity of the liquid crystal 
phase. 

2) A conductive polymer layer coating on the ITO 
layer would improve the latter^ electrical conduc- 
tion uniformity, through bridging structural defects, 

[0054] Thus, according to the present invention, there 
is now also provided an electrode for ferroelectric LC 
cells or for twisted nematic LC cells or for super twisted 
nematic LC cells, comprising ITO coated glass plates 
which are top coated with an alignment-inducing layer, 
which is simultaneously also a surface-smoothing layer 
made of a proton-doped polyaniline. 
[0055] In a variation of the above, the present inven- 
tion also provides an article comprising a substrate coat- 
ed with a layer according to the present invention and 
then top-coated with ITO, for the purpose of electrically 
bridging any microscopic electrical discontinuations 
which develop in the ITO layer 
[0056] The present invention will be better understood 
from the following detailed description of preferred em- 
bodiments. 

[0057] In their most general aspect, solutions for the 
preparation of electrically conductive, coatings accord- 
. ing to the. invention comprise two ingredients: 

a) an unsubstituted or variously substituted poly- 
aniline, or various co-polymer combinations, or var- 
ious polyblend combinations; and 
• b) pyruvic acid. 



[0058] The unsubstituted polyaniline is derived from 
unsubstituted aniliae and the substituted polyaniline is 
derived from substituted aniline. Said substituents are 
preferably selected from the group consisting of alkyl 
and alkoxy groups. 

[0059] In a most preferred embodiment of the present 
invention, the polyaniline is derived from unsubstituted 
aniline. 

[0060] The protonic acid is pyruvic acid. 
[0061] Emeraldine base (EB) was prepared by a 
chemical oxidative polymerization of aniline [G.E. Anu- 
rias, fltaL Svnth. Met. , Vol. 29, p. E157 (1989)], except 
that pyruvic acid was used as the protonating agent in- 
stead of hydrochloric acid, followed by a reaction with 
ammonium hydroxide solution. The EB so obtained was 
found to react with pyruvic acid while being crushed in 
an agate mortar, yielding a viscous green mixture com- 
posed of solution and suspended particles. After an ad- 
ditional amount of pyruvic acid was introduced to form 
a calculated mixture of 1% EB in pyruvic acid, the mix- 
ture was sonicated for 5 hours, and a true emeraldine 
■ salt solution was obtained, which was filtered and there- 
after, upon spin-coating, produced particle-free glossy 
coatings. 

[0062] Practically particle-free solutions of the con- 
ductive polymer complex emeraldine salt in pyruvic acid 



were prepared by passing the pyruvic acid solutions 
through glass fiber filters. The best results were ob- 
tained through using Whatman glass fiber filters GFA, 
GFC and GFF, in series. 

5 [0063] On the other hand, replacing the pyruvic acid 
with HCI in the oxidative polymerization stage resulted 
in an emeraldine-hydropyruvate salt, obtained by re- 
protonating of the EB with pyruvic acid, which could only 
be partially dissolved in pyruvic acid even after being 

10 sonicated for an extended period of time. The solutions 
so obtained still contained a large amount of suspended 
particles. 

[0064] When the stability of electrical conduction 
(four-probe method) of the polymer coatings prepared 

is from the pyruvic acid solutions was measured, it was 
found to rapidly decrease in time (from 2 S/cm to 0.7 S/ 
cm in 48 hours). An enhanced decrease in conductivity ■ 
was observed if coated glass slides were exposed to a 
strong neon light. These findings suggested a light-en- 

20 hanced degradation of the complex. However, a slower, 
but still significant, reduction in conductivity was detect- 
ed in samples placed in a darkened vacuum chamber 
(22% in two days), revealing an inherent Instability of 
the emeraldinehydropyruvate complex salt. UV meas- 

2S urements indicated a graduate de-protonation of the 
system that could afford an explanation for the above 
observations. 

[0065] On the other hand, it has been discovered that 
certain secondary protonic acids could be incorporated 
30 into the emeraldinehydropyruvate solution system, re- 
sulting in stable emeraldine salt conductive coatings 
that still exhibited surface smoothness resembling that 
of emeraldinehydropyruvate complex coatings. For ex- 
ample, it was found that no reduction in the electrical 
as conduction level occurred in a PANI/2-pyrrolidon- 5-car- 
boxylic acid/pyruvic acid system (0.5:1 molar ratio of 
secondary protonic acid to aniline). Solutions of 2% EB/ 
racemjc 2-pyrrolidon-5-carboxylic acid (PCA) complex 
in pyruvic acid, after being spin-coated on pre-cleaned 
40 glass slides and vacuum dried for 24 hours, yielded 
shiny transparent coatings which, under ambient condi- 
tions, exhibited no reduction in conductivity (ca. 5 QrV 
cm) over a period of two months. Other protonic acids, 
such as quinolinic acid, taurine, and others, were found 
45 to induce the same conduction stabilizing effect as does 
racemic PCA. 

[0066] The solution from which conductive-transpar- 
ent coatings can be prepared has a shelf life of at least 
6 months if it is kept at 5°C; it is apparently stable for a 
so period of one year or more. Under such conditions, no 
visual changes could be indicated in the solution (such 
as change of color, phase separation), nor was there a 
change in bulk electrical conductivity of coatings made 
from it. 

ss [0067] Thus, in another preferred embodiment of the 
invention, solutions for the preparation of stable, elec- 
trically-conductive coatings according to the invention 
further comprise one or more secondary protonic acids. 
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[0068] The secondary protonic acids include those 
which are soluble in pyruvic acid and have dissociation 
constants in aqueous solutions greater than 0.001 . Most 
. preferred are those which term a complex with poly- 
aniline, the latter having a conductivity of greater than 
about 1 0^n-Vcm. Cyclic protonic acids that include im- 
. ide groups such as the aforementioned PCA racemic 
mixture and its two optically active isomers (L-pyro- 
glutamic.acid and D-pyroglutamic acid) seem to be par- 
ticularly effective. Other protonic acids, such as the 
aforementioned quinolinic acid and taurine, can also be 
used. 

[0069] Preferably, said second protonic acid is select- 
ed from the group comprising racemic 2-pyrrolidon- 
5-carboxylic acid, quinolinic acid, maleic acid, itaconic 
^ acid, citraconjc acid, ketoglutaric acid, taurine, p-hy- 
drQxy-4-mofphdline-propane sulfonic acid (MOPSO), 
4-morpholinepropane sulfonic acid (MOPS), S-(-)-2-py- 
rolidone*5-carboxylic acid, or its enantiomer. 
[0070] As stated above, the present invention pro- 
vides a method for preparing a processable solution of . 
a proton-doped polyaniline for use in the preparation of 
an electrically-conductive and optically-transparent 
coating, comprising oxidative^ polymerizing aniline in 
the presence of a first protonic acid which is pyruvic acid 
to yield a solid pojyahiline; and dissolving said solid poly-, 
aniline in said first protonic acid. 
[0071] From the above, it will be realized that the 
present invention also provides a preferred method 
wherein said solid polyaniline dissolved in said first pro- 
tonic acid is then combined with a base to form an em- 
eraldine base, whereafter said base is dissolved in said 
first protonic acid in the presence of a second protonic 
acid. 

[0072] While the invention will now be described in 
connection with certain- preferred, embodiments in the 
following examples so that aspects thereof may be more 
fully understood and appreciated, it is not intended to 
limit the invention to. these particular embodiments. On 
the contrary, it is intended to cover all alternatives, mod- 
ifications and equivalents as may be included within the 
scope of the invention as defined by the appended 
claims. Thus, the following examples which include pre- 
ferred embodiments will serve to illustrate the practice 
of this invention, it being understood that the particulars 
shown are by way of example and for purposes of illus- 
trative discussion of preferred embodiments of the 
present invention only and are presented in the cause 
of providing what is believed to be the most useful and 
readily understood description of formulation proce- 
dures as well as of the principles and conceptual as- 
pects of the invention. 



(0.008 mol) of ammonium peroxydisulphate, 4 ml of dis- 
tilled water, and 1.76 g (0.02 mol) of freshly-distilled 
- pyruvic acid was added drop-wise into the flask over a 
period of 1 hr at room temperature, while being stirred 
$ vigorously. The mixture was then vacuum-filtered and 
the resulting dark green solid polymer was washed with 
acetone, then with water, and again with acetone. Each 
washing step was continued until the filtrate became 
colorless. The solid was then dried for 1 hr at room tem- 
" perature under a dynamic vacuum. The dried, dark 
green emeraldine salt was then allowed to react for 2 hr 
^ with 50 ml of 3% aqueous ammonia solution, and the 
resulting emeraldine base was filtered and washed with 
distilled water until the pH was between 7 and 8. Sub- 
*«■ sequently, the polymer was further washed With metha- 
nol until the washing liquid became colorless, and was 
finally washed with ether The emeraldine base was 
then dried in a dynamic vacuum at room temperature. 
[0074] The emeraldine base so obtained was crushed 
20 in an agate mortar with a small amount of pyruvic acid. 
The resulting green mixture was., further diluted with 
pyruvic acid to a concentration of 1% (based on EB). 
The mixture was then sonicated for 6 hr before a ra* 
cemic mixture, of 2-pyrrolidone-5-carbbxyiic acid (0.5 
. 25 mol ratio to EB) was added. Sonication was continued 
• for a further 3 hr. The resulting complex solution was 
filtered through a PVDF 0.45 \im filter. 
[007S] The above procedure' resulted in an emeral- 
dine salt solution that, upon spin-coating at 3,000 rpm 
30 on pre-cleaned glass slides, gave particle-free, 1 00 nm- 
thick, conducting transparent coatings. The coated 
slides were subsequently vacuum dried at 37°C for 48 
nr. The coatings were adhesive to the pre-cleaned glass 
surfaces, highly uniform, homogeneous, and clear.. 
& Coatings 50 nm thick gave electrical surface resistivities 
(4-probe method) of approximately 20,000 fl/square (o 
= 5n-icnr»). M V 



EXAMPLE 2 



40 



[0076] Solutions of 1% conductive polymer emeral- 
dine salt complex in pyruvic acid and 5% of poly(methyl 
methacrylate) in the same solvent were separately pre- 
pared by dissolving the solutes in an ultrasonic bath for 
45 5 hr. The two solutions were then combined and filtered 
to remove undissolved particles. Conductive-transpar- 
ent coatings were prepared through spin-coating of the 
polymer solution on glass, or on polymer substrates. 

s <> EXAMPLE 3 



EXAMPLE 1 

[0073] 50 ml of chloroform and 0.93 g (0.01 mol) of 
freshly-distilled aniline were introduced into a 1 00 ml Er- 
lenmeyer flask. A solution mixture, containing 1.82 g 



[0077] LC cells were fabricated using electrodes 
. made of glass plates coated with transparent conductive 
polyaniline prepared according to Example 1. Two ge- 
s * ometries of cells were checked: planar and twisted 
nematic. The cells were filled in the isotropic state and 
cooled down to the nematic state. Observations through 
a polarized microscope revealed that the nematic phase 
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had been aligned parallel to the buffing direction of the 
conductive polymer surfaces. This seemed mostly to be 
an effect of the ordering of the polymeric chains. 
[0078] It was found that the electro-optical character- ' 
istics of the cells were the same for ITO electrodes and 
for the newly-devised polyaniline electrodes. 

Cell data : 
[0079] 

1. Liquid crystal: ZLl 2293 (Merck, Germany) and 
CB15 (Merck, England). 

2. Electrodes: glass slides (1 inch) coated with 100 
nm thick and 200 nm thick conductive PANI layers. 

3. Gap between electrodes: 5.6 ujn and 4.25 u.m. 

4. Cell geometry: planar and twisted nematic. 

5. Rubbing procedure: 50 times unidirectionally with 
an artificial velvet. 



6. White light source was used in the experiments, *5 
during which the cells were located between two 
crossed polarizers. 



trast ratio and display uniformity. This assumption is 
based on the fact of the much lower surface electrical 
resistivity (reduction in 16 orders of magnitude) of the 
conductive polymer compared to. that of conventional 
s alignment materials (polyimide, for example). Such a 
difference eliminates the possibility of electrical charg- 
ing and also reduces the chances of ion contamination 
of the alignment layer during the buffing process. Both 
result in an improved uniformity in the LC phase. 



Cell data: 



[0083] 

is 1 . Ferroelectric liquid crystal: ZLI46551 00. 

2. Electrodes for ferroelectric cells: ITO coated 
1-inch glass' slides with surface resistivity of 200 QJ 
square which are top coated with 100 nm thick con- 
ductive PANi layer. 



20 



7. Applied voltage: 10V, 400 Hz. 
EXAMPLE 4 

[0080] LC cells were fabricated, using a ferroelectric 
liquid crystal as the electrooptic active phase. The elec- 
trodes used were a purchased indium-tin-oxide (ITO) 
coated 1-inch glass slides, which were further coated 
with a conductive polymer, the latter being prepared as 
described above in Example 1. Buffing of the top poly- 
mer layer was carried out and the cell was constructed 
with the buffing directions of the two electrodes parallel 
to each other. During cell fabrication, it was necessary 
to heat the cell to 106°C in order to reduce the liquid 
crystal viscosity. In this cell the conductive polymer is 
playing the roles of a transparent electrode, an align- 
ment inducing layer to the liquid crystal phase, and a 
surface smoothing layer. 

[0081] The so-made cells exhibited alignment of the 
LC phase arid also electrooptical characteristics similar 
to those found in cells comprising conventional polyim- 
ide or polyvinyl alcohol) made alignment layers. The 
aligning property of the conductive polymer is thus found 
to still exist in spite of heating the cell during the fabri- 
cation process. 

[0082] The obtained switching times in the above-de- 
scribed cells are characteristic to ferroelectric LC cells 
(around 40 usee). It is also expected that, through im- 
provements in cell construction, it would be possible to 
still better the cell's optical characteristics, such as con- 



30 



3. Gap between electrodes: 2.5 |xrn 

4. Cell geometry: planar. 

5. Rubbing procedure: 50times unidirectionally with 
an artificial velvet. 

6. White light source was used in the experiments, 
during which the cells were located between two 
crossed polarizers. 



7. Applied voltage: 5 V, 1 Hz: 

35 [0084] It will be evident to those skilled in the art that 
the invention is not limited to the details of the foregoing 
illustrative examples and that the present invention may 
be embodied in other specific forms without departing 
from the essential attributes thereof, and it is therefore 
40 desired that the present embodiments and examples be 
considered in all respects as illustrative and not restric- 
tive, reference being made to the appended claims, 
rather than to the foregoing description, and all changes 
which come within the meaning and range of equivalen- 
ts cy of the claims are therefore intended to be embraced 
therein. 



Claims 



so 



1. A liquid solution comprising a proton-doped poly- 
aniline in combination with a protonic acid which is 
a protonating agent and which is present in suffi- 
cient excess to act as a solvent for said proton- 
ss doped polyaniline, characterized in that the protonic 
acid is pyruvic acid and that the solution optionally 
comprises a second protonic acid or a second pro- 
tonic acid and a non-conductive polymer. 
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2. Solution according to claim 1 , characterized in that 
said second protonic acid is selected from the group 

. consisting of racemic 2-pyrrolidon-5-carboxylic ac- 
id, quinolinic acid, maleic acid, itaconic acid, citra- 
. conic acid, ketoglutatic acid, taurine, p-hydroxy- 
4-morpholinepropane sulfonic acid (MOPSO) and 
4-morpholipepropane sulfonic acid (MOPS). 

3. Solution according to claim 1 or 2, characterized in 
that the non-conductive polymer is selected from 
the group consisting of poly(methyl methacrylate), 
cellulose tri-acetate, cellulose acetate, polyvinyl al- 
cohol), polyvinyl acetate), and nylon 6,6. 

4. Method of preparing a solution according to claim 1 
comprising the steps of: 

oxidatively polymerizing aniline in the presence 
of pyruvic acid to yield a solid proton-doped 
polyaniline; 

reacting said solid proton-doped polyaniline 
. with a base to form.an emeraldine base; and 
dissolving said emeraldine base in pyruvic acid 
or in pyruvic acid in the presence of a second 
protonic acid or a second protonic acid and a 
non-conductive polymer. 

5. Method according to claim 4, characterized in that 
said second protonic acid is selected from the group 
consisting of racemic 2-pyrrolidonr5-carboxylic ac- 
id, quinolinic acid, maleic acid, itaconic acid, citra- 
conic acid, ketoglutatic acid, taurine, p-hydroxy- 
4-morphoh'nepropane sulfonic acid (MOPSO) and 
4-morpholinepropane sulfonic acid (MOPS). 

6. Method according to claim 4 or 5, characterized in 
that the non-conductive polymer is selected from 
the group consisting of poly(methyl methacrylate), . 
cellulose tri-acetate, cellulose acetate, polyvinyl al- 
cohol), polyvinyl acetate), and nylon 6,6. 

7. Optically transparent electrode in a liquid crystal de- 
vice (LCD), characterized in that the electrode com- 
prises an electrically-conductive, optically-trans- 
parent, orientation-inducing layer of a proton-doped 
polyaniline, obtained from the solution as claimed 
according to one of the claims 1 to 3. 

8. Optically transparent electrode for LCD, comprising 
an ITO-coated glass plate which is top-coated with 
an alignment-inducing layer, characterized in that 
the layer comprises solution-processable, electri- 
cally-conductive, optically-transparent, orientation- 
inducing proton-doped polyaniline, obtained from 
the solution as claimed according to one of the 
claims 1 to 3. 

9. Use of a solution according to one of the claims 1 



to 3 for the preparation of an electrically conductive 
and optically transparent coating comprising pro- 
ton-doped polyaniline on a transparent substrate. 

s 

Patentanspruche 

1. Flussige Losung, die Protohen-dotiertes Polyanilin 
in Kombination mit einer Protonensaure urhfaBt, 

10 welche ein protonierendes Agens darstellt und wel- 
che in ausreichendem UberschuB vorliegt, urn als 
ein Losungsmittel fur das Protonen-dotierte Poly- 
anilin zu dienen, dadurch gekennzeichnet, da6 die 
Protonensaure Brenztraubensaure ist und daB die 

is Losung gegebenenfalls eine zweite Protonensaure 
oder eine zweite Protonensaure und ein nichtleiten- 
des Polymer umfaBt. 

2. Losung nach Anspruch 1 , dadurch gekennzeichnet, 
20 daB die zweite Protonensaure aus der Qruppe von 

razemischer2-Pyrrolidon-5-carbonsaure, Chinolin- 
sagre, Maleinsaure, Methylenbernsteinsaure, Me- 
thylmaleinsaure, Ketoglutarsaure, Taurin, p-Hydro- 
xy-4-morphoiinopropansulfonsaure (MOPSO) und 
25 4-Morpholmopropansulfonsaure" (MOPS) stammt. 

3. Losung nach Anspruch 1 oder 2, dadurch gekenn- 
zeichnet, daB das nichtleitende Polymer aus der 
Gruppe von Polymethylmethacrylat, Cellulosetria- 

30 cetat, Celluloseacetat, Polyvinylalkohol, Polyvi- 
nylacetat und Nylon 6,6 stammt. 

4. Verfahren zur Herstellung einer Losung nach An- 
spruch 1 , welches die Schritte umfaBt: . 

35 

oxidative Polymerisation von Anilin in Gegen- 
wartvon Brenztraubensaure, urn festes, Proto- 
nen-dotiertes Polyanilin zu erhalten; 
Reaktion des festen, Protonen-dotierten Poly- 

40 anilins mit einer Base, urn eine Emeiraldinbase 

zu erzeugen und Auflosen der Emeraldinbase 
in Brenztraubensaure oder in Brenztrauben- 
saure in Gegenwart einer zweiten Protonen- 
saure oder einer zweiten Protonensaure und 

45 eines nichtleitenden Polymers. 

5. Verfahren nach Anspruch 4, dadurch gekennzeich- 
net,. daB die zweite Protonensaure aus der Gruppe 
von razemischer 2-Pyrrolidon-5-carbonsaure, Chi- 

so nolinsaure, Maleinsaure, Methylenbernsteinsaure, 
Methylmaleinsaure, Ketoglutarsaure, Taurin, p-Hy- 
droxy-4-morpholinopropansulfonsaure (MOPSO) 
und 4-Morpholinopropansulfonsaure (MOPS) 
stammt. 

55 

6. Verfahren nach Anspruch 4 oder 5, dadurch ge- 
kennzeichnet, daB das nichtleitende Polymer aus 
der Gruppe von Polymethylmethacrylat, Cellulose- 
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triacetat, Celluloseacetat, Pofyvinylalkohol, Polyvi- 
nylacetat und Nylon 6,6 stammt. 

7. Optisch transparante Elektrode in einer Flussigkri- 
staflvorrichtung (LCD - liquid crystal device), da- s 
durch gekennzeichnet, daB die Elektrode eine elek- 
trisch leitende, optisch transparente, Orientierungs- 
induzierte Schicht aus .einem Protonen-dotierten 
Polyanilin umfaBt, welches aus der Losung nach ei- 
nem der AnsprOche 1 bis 3 erhalten wird. 10 

8. Optisch transparente Elektrode fur LCD, die eine 
JTO-beschichtete Glasplatte umfaBt, die mit einer 
•Aurichtungs-induzierenden Schicht beschichtet ist, 
dadurch gekennzeichnet, daS die Schicht elek- is 
trisch leitendes, optisch transparentes, Orientie- 
rungs-induziertes, Proton en-dqtiertes Polyanilin 
umfaBt, das sich in Losung verarbeiten laBt und 
welches aus der Losung nach einem der AnsprOche 
1 bis 3 erhalten wird. 2 o 

9. Verwendung einer Losung nach einem der AnsprO- 
che 1 bis 3 fur die Herstellung einer elektronisch lei- 
tenden und optisch transparenten Beschichtung, 
die Protonen-dotiertes Polyanilin auf einem trans- 25 
parenten Substrat umfaBt. 



Reveiidicatlons 
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1 . Solution liquide comprenant une polyaniline dopee 
en protons en combinaison avec un acide protoni- 
que qui est un agent protonant et qui est present en 
un exces suffisaht pour jouer le role de solvant vis- 
a-vis de ladite polyaniline dopee en protons, carac- 35 
X6r\s6e en ce que I'acide prptonique est I'acide py- 
ruvique et en ce que la solution comprend de facon 
optionnelle un second acide protonique ou un se- 
cond acide protonique et un polymere non conduc- . 
teL, r- 40 

2. Solution selon la revendication 1, caracterisee en 
ce que (edit second acide protonique est choisi par- 
mi le groupe consistant en le racemique de I'acide 
2-pyrrolidon-5-carboxylique, I'acide quinolinique, 45 
I'acide maleique, I'acide itaconique, I'acide citraco- 
nique, I'acide cetoglutatique, la taurine, I'acide p-hy- 
droxy-4-morpholinepropenesulfonique (MOPSO) 

et l'acide-4-morpholine-propenesulfonique 
(MOPS). 50 

3. Solution selon la revendication 1 ou la revendica- 
tion 2, caracterisee en ce que le polymere non con- 
ducted est choisi parmi le groupe consistant en le 
po!y(metracrylate .de methyle), le triacetate de eel- ss 
lulose, I'acetate de cellulose, le poly(alcool vinyli- 
que), le poly(acetate de vinyle) et le nylon 6.6. 



4. Procede de preparation d'une solution selon la re- 
vendication 1 , comprenant les etapes consistant a : 

• effectuer la polymerisation oxydative de I'anili- 
ne en presence de I'acide pyruvique de facon 
a obtenir une polyaniline sous forme solide et 
dopee en protons; 

• faire reagir ladite polyaniline sous forme solide 
et dopee en protons avec une base de facon a 
former une base emeraldine ; et 

• dissoudre ladite base emeraldine dans I'acide 
pyruvique, ou dans I'acide pyruvique en pre- 
sence d'un second acide protonique, ou d'un 
second acide protonique et d'un polymere non 
conducteur. 

5. Procede selon la revendication 4, caracterise' en ce 
que ledit second acide protonique est choisi parmi 
le groupe consistant en le racemique de I'acide 
2-pyrrolidon-5-carboxylique, I'acide quinolinique, 
I'acide maleique, I'acide itaconique, I'acide citraco- 
nique, I'acide cetoglutatique, la taurine, I'acide p-hy- 
droxy-4-morpholinepropenesulfonique (MOPSO) 
et racide-4-morphoiine propenesulfdnfque 
(MOPS). 

6. Procede selon la revendication 4 ou la revendica- 
tion 5, caracterise en c que le polymere non con- 
ducteur est choisi parmi le groupe consistant en le 
poly(metracrylate de methyle), le triacetate de cel- 
lulose, I'acetate de cellulose, le poly(alcool vinyli- 
que), le poiy(acetate de vinyle) et le nylon 6.6. 

7. Electrode optiquement transparente dans un dispo- . 
sitif a cristaux liquides (note LCD, pour liquid crystal 
device), caracterisee en ce que I'electrode com- 
prend une couche eiectriquement conductrice, op- 
tiquement transparente induisant une orientation et 
obtenue a partir d'une solution selon I'une quelcon- 
que des revendications 1 & 3. 

8. Electrode optiquement transparente pour LCD, 
comprenant une plaque de verre recouverte d'lTO 
qui est sur-recouverte d'une couche induisant ur ali- 
gnement, caracterisee en ce que ladite couche 
comprend une polyaniline dopee en protons traita- 
ble en solution, eiectriquement conductrice, opti- 
quement transparente, induisant une orientation, et 
obtenue a partir d'une solution selon I'une quelcon- 
que des revendications 1 a 3. 



9. 



Utilisation d'une solution selon I'une quelconque 
des revendications 1 a 3 pour la preparation d'un 
revetement eiectriquement conducteur, optique- 
ment transparent et comprenant une polyaniline do- 
pee en protons sur un substrat transparent. 
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